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Abstract

The large-scale structure (LSS) of the Universe is comprised of galaxy filaments, tendrils, and voids. The majority
of the Universe’s volume is taken up by these voids, which exist as underdense, but not empty, regions. The
galaxies found inside voids are void galaxies and expected to be some of the most isolated objects in the Universe.
However, their standard morphology remains poorly studied. This study, using the Galaxy and Mass Assembly
(GAMA) data and Galaxy Zoo survey, aims to remedy this. For completeness purposes, we use void galaxies
identified by Alpaslan et al. (2014) with stellar masses (M*) of 109.35 M⊙ < M∗ < 1011.5 M⊙ . This sample is
further split by identifying a redshift-limited region, 0 < z < 0.07, in addition to the existing data, 0 < z < 0.15.
To find comparable subjects in the sample of field galaxies from GAMA/Galaxy Zoo, we identify ’twins’ as galaxies
within ±0.05 dex and ±0.15 dex of M∗ and sSFR. We utilize Kolmogorov-Smirnov (KS) significance testing to
determine whether our samples can be considered statistically different, and to prove the extent to which these
data cuts affect results. Overall, we find that the way we define the ’twins’ of void galaxies has little effect, with
the biggest differences occurring between our two redshift ranges. We see that void galaxies, in contrast with
field galaxies, seem to almost always have a bulge, and may have more rounded bulges.
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Lay Summary

Our Universe contains billions upon billions of galaxies, as recently imaged by the James Webb Space Telescope.
As hard as it is to imagine, all of these galaxies are organized into structures that look like those inside nerves, or
a system of rivers and streams. This structure leaves vast expanses of "empty" space across the Universe, called
"voids", but these regions are not entirely empty. Instead, the lonely galaxies found within them have been aptly
named "void galaxies."
However, these galaxies are so few and far-between that we do not know much about them, and few studies
currently exist. Therefore, many questions remain outstanding. Are they any different from "normal" galaxies in
the Universe? If so, how? Do they produce more or less stars, or are they any bigger? Where do they get the fuel
to continue growing if they are not surrounded by as much matter? Do they have a different shape?
This study aims to answer a few of these questions. Environment is thought to affect galaxy formation and
evolution, as morphology encodes what has happened to a galaxy during its lifetime. Because void galaxies are
so isolated, we might expect some of their shapes to be different, as they are less likely to encounter phenomena
such as mergers.
As astronomical surveys become more accurate, we are able to more accurately detect void galaxies and
measure their properties, such as through the use of the Galaxy And Mass Assembly (GAMA) survey. This
observational survey covers a wide expanse of the sky to a high degree of precision, making it ideal to use the data
for study. In addition, it can often be hard to visually classify the shape of galaxies as their numbers drastically
increase. As a result, citizen science projects such as Galaxy Zoo are born, where volunteers can be shown a
picture of a galaxy, respond to a series of questions, and help scientists determine their classifications. Therefore,
this research combines these two very different methods, numerical analysis and citizen science, to study void
galaxy morphologies for the very first time. This unique combination allows us to approach the problem from
multiple perspectives.
Throughout this study, we characterize galaxy shape by utilizing a numerical method called the Sersic Index,
usually represented by n. This value of n represents the curvature of the light profile, and usually can be interpreted
as values around n=1 or n=2 being disky Frisbee-shaped galaxies, like our own Milky Way, and values of n=4 are
more ellipsoidal or spherical galaxies, ranging from the rough shape (in American terms) of a football or a soccer
ball. In addition, we calculate other basic properties of the galaxies, including their size and the rate at which
they form stars, two things that can tell us a lot about their behavior and history.
We then incorporate Galaxy Zoo by analyzing the voting fractions of the galaxies. How do people typically
vote on each galaxy for several questions? Using statistics such as the Kolmogorov-Smirnov and Anderson-Darling
tests, we can then test our distributions to see whether we can explicitly say that void galaxies are a very different
population in terms of their morphologies.
Overall, we find that both populations appear to be dominated by disky galaxies, with void galaxies being
smaller, and that void galaxies typically seem to always have a bulge. It is possible that void galaxies will have
rounded bulges more often than their ’twins’, but higher-resolution studies would be more effective at determining
whether this is true.
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CHAPTER 1
Introduction
Galaxies are large systems of stars, gas, dust, and dark matter that exist in our Universe, one of the most famous
of which is our own Milky Way galaxy. Entire branches of modern astronomy are dedicated to studying their
properties and evolution, which allows astronomers to understand the fundamental structure and physics of the
Universe we live in. Several of the properties that can be investigated about galaxies include color, size, distance,
and location. In addition, astronomers typically investigate galaxy morphology and their location in relation to
the large-scale structure (LSS) of the Universe.
Understanding the structure of our Universe and the dynamics around such structure, including those within
galaxies themselves, allows astronomers to investigate the laws of physics that govern celestial bodies as they
cannot be studied within a lab. Therefore, studying astronomy at this scale relies on Earth and space-based
telescopes, mathematics, and conducting analysis using computer programming languages (typically Python).

Galaxy Properties and Morphologies
Galaxy color in the visible wavelength is often divided into two categories: red and blue. Galaxies that are
considered optically red or reddish traditionally exhibit cooler temperatures, older stars, and lower star formation
rates, leading to the often-used term "red and dead." On the other hand, optically blue or bluer galaxies have
younger stellar populations, higher star formation rates, and exhibit more hot (blackbody) radiation due to higher
temperatures.
Size has several different perspectives in astronomy, including diameter and mass. For example, a lower
diameter and mass, such as diameters around 3 kiloparsecs (kpc; where one kpc is 3.09 × 1019 meters) and mass
below 109 solar masses (where one solar mass is the mass of our sun), can classify a galaxy as a dwarf galaxy, which
are the most common in the Universe. For comparison, our own Milky Way is about 30 kpc and 1.15 × 1012 M⊙ .
The size and mass distribution of galaxies can be quantified by the Press-Schecter function, which qualitatively
means that the Universe contains fewer large and high-mass objects than small and low-mass objects.
Redshift is an astronomical measure that scales with distance. In space, the wavelength of light that an object
emits is usually stretched, resulting in a shift towards the red end of the light spectrum. As a result, measuring
redshift, denoted by z, allows astronomers to quantify how far away objects are, and how old the Universe is at
that point in time (due to the expansion of the Universe, time is not linear in space). This can be understood
simply through Hubble’s Law, which states that higher redshift (z) values correlate with a farther distance and
younger Universe at that location. A redshift of z=0 is considered to be the present-day age of the Universe,
which is 13.7 billion years old.
In observational surveys, astronomical surveys conducted with ground or space-based telescopes, the location
of a galaxy is typically measured by its location on the celestial sphere, depicted in Figure 1. This sphere extends
past the Earth, with the celestial equator being a projection of the Earth’s equator. Instead of longitude and
latitude, astronomers use right ascension (RA) and declination (δ, or DEC). RA has units of hours, minutes, and
seconds, and is measured to the east or west of the celestial equator. The zero-point for RA is the location of
the sun on the vernal equinox, so we can say that RA has values between 0-24 hours. However, even though the
units are in hours, minutes, and seconds, right ascension is still an angular measurement.
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Figure 1: Simple diagram of Earth’s celestial sphere, with astronomical measurements right ascension (RA) and
declination (DEC) labelled.
Declination is measured in degrees, arcminutes, and arcseconds, is the equivalent of latitude, and is measured
north/south of the celestial equator.

Figure 2: Credit to NASA/ESA. A simple diagram of Hubble’s tuning fork for galactic morphology, where the
left side represents elliptical galaxies that become more spherical as their subclass number goes up from left to
right. The fork, on the right side, branches out to two different types of spiral galaxies: on the top are spiral
galaxies with a variety of arms and a spherical central bulge, with the number of arms increasing from left to
right, whereas the bottom spiral galaxies consist of a bar-shape in the central bulge.
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Galaxy morphology is an important branch of the study of galaxies, and uses all of the above properties and
more to draw conclusions. In astronomy, galactic morphology is defined as the shape and structure of the stellar
light in a galaxy (Holwerda et al., 2022), and includes classification of different galaxy components including the
central bulge shape, light profile, possible presence of a gas disk, and more. While morphological classifications
can be done on a variety of scales throughout the galaxy to highlight specific properties, one of the simplest to
classify visual morphology is Edwin Hubble’s tuning fork diagram in Figure 2. The tuning fork provides a broad
overview into several morphological classifications of galaxies, including ellipticals and spirals. Spiral galaxies can
also be referred to as disk-like or disky due to their morphology and the clear presence of a gas disk. Furthermore,
spiral galaxies can be classified as barred spirals or unbarred based on whether the spiral arms seem to extend
from the central bulge (unbarred) or from the end of a bar-like structure that extends from the central bulge
(barred). The Universe primarily consists of spiral galaxies (Delgado-Serrano et al., 2010).
An important quantity to studying galaxy morphology is the Sersic index, a dimensionless value denoted as n.
The Sersic index comes from the Sersic profile, which takes on the general form:
"

"

I(r) = Ie exp −bn

R
Re

1/n

##
−1

Re is the half-light radius, or radius within which half of the light of the galaxy is contained, Ie is the light intensity at the half-light radius, n is the Sersic index, and −bn is a value that is dependent on n (Beygu et al., 2017).
This equation represents a measurement of the light intensity profile based on the radius of the galaxy, which is
therefore representative of morphological type. According to Beygu et al. (2017), lower values of n, such as n=1,
can be correlated with disk galaxies (such as spirals), and higher values of n, like n=4, can be associated with elliptical galaxies.

Galaxy Formation
Galaxy formation is not an exact science, and the existence of other large galaxies themselves has been confirmed
for less than a century. However, through extensive study, astronomers have generated a general idea of how
galaxy formation works.
As stars and larger systems began to form in the early Universe, the force of gravity began to condense this
matter. As these clumps of matter began to grow, their gravitational force also increased, which in turn caused
more matter accretion. Over time, once the accumulation of matter reaches a certain mass, the pressure causes
it to collapse, and it eventually forms the primary component of a galaxy: the central bulge. This is often why
galaxies have black holes at their center, as the continuous accretion and collapse of matter reaches the threshold
density required for the singularity to form.
Galaxy disks, according to some theories, then form by continued accretion of material. Therefore, the bulge
is typically the oldest part of the galaxy, and the morphology and properties of the galaxy can vary significantly
from when the bulge first forms. For example, significant rotation in the material accreting onto the galactic
bulge can cause spiral arms to form, and by conservation of angular momentum, the speed of this rotation can
determine how loose or tightly bound the spiral arms are. This rotation is also a key component in forming the
dark dust lanes seen in many visible images of galaxies, such as in Figure 5.
On the other hand, larger galaxies are most often formed by the combination of smaller merging galaxies,
which as stated before, will often form an elliptical galaxy that becomes smooth and featureless over time.
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However, the details of galaxy formation are still in question and remain a hot topic of debate, and theories
change with time. Currently, theories on galaxy formation are being investigated as data from the new James
Webb Space Telescope (JWST) transmits images and data of galaxies from the very early Universe, and we are
able to resolve what the Universe was like during the peak of galaxy formation.

Large-Scale Structure (LSS) of the Universe and Void Galaxies
Galaxies are not strewn about the Universe randomly. The large-scale structure (LSS) of the Universe is comprised
of galaxy filaments and tendrils (Alpaslan et al., 2014, 2015, 2016), also called wall galaxies, with a majority of
the Universe’s volume taking place in the form of voids. While voids are among the most underdense regions in
the Universe, they are not entirely empty (Dekel & Silk, 1986). Instead, galaxies still exist in these sparse regions
of space and are typically referred to as void galaxies. This LSS is evident in Figure 3. According to Alpaslan et al.
(2014), filaments are identified from Robotham et al. (2011), and tendril galaxies are defined as substructures of
filaments that consist of a few galaxies that are 4.12 h−1 Mpc from filament galaxies, where h is a dimensionless
Hubble constant, a cosmological parameter that defines the expansion rate of the Universe.
Void galaxies are defined in this sample as galaxies that are isolated and more than 4.56 h−1 Mpc away from
the nearest tendril galaxy. The LSS is a significant factor in understanding how galaxy-galaxy interactions work,
and is thought to play an important role in their morphology and evolution throughout their lifetime. For example,
galaxies in clusters may be subject to gravitational forces of other galaxies, higher rates of mergers (which can
form irregular galaxies), and generally have more surroundings to accrete material from. However, galaxies can
also evolve thanks to internal processes, known as secular evolution, and can provide similar results to evolution
by external processes. Void galaxies are therefore a unique natural laboratory to study secular evolution.

Figure 3: Figure 1 from Alpaslan et al. 2014. "The populations shown are galaxies in filaments (blue and cyan),
galaxies in tendrils (green), and galaxies in voids (red), with all three populations shown in their respective colors."

A Brief Review of Astronomical Filters
Filters in astronomy are specifically designed to let in light of a very specific wavelength range. Because stars and
galaxies of different colors have different properties, it makes the most sense to therefore divide observations into
different wavelengths of light.
Various filter systems exist based on the observational survey. One of the most popular filter systems is that
of the Sloan Digital Sky Survey (SDSS), which uses filters of ultraviolet light (u), green light (g), red light (r),
near-infrared light (i), and infrared light (z), as visible in Figure 4 from Asahi Spectra USA, a manufacturer of
astronomical filters.
12

Figure 4: Example of the wavelength ranges for each filter from the Sloan Digital Sky Survey. Credit goes to
Asahi Spectra USA. X-axis denotes the wavelength, in nanometers, of light that is permitted by the filter, where
the y-axis shows the percentage of light that is transmitted through the filter.
It is important to remember that astronomical filters are carefully chosen to study a specific wavelength of light.
Studying different filters will provide different results. For this reason we note the importance of remembering
that the Sersic index used in this study from GAMA is in the z-band.
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CHAPTER 2
Previous Literature and Hypothesis
Previous Literature
Void galaxies are expected to be some of the most isolated objects in the Universe. However, their standard
morphology, and how it compares to galaxies in denser regions of the Universe, remains a topic of debate. The
evolution of galaxies is a widely studied process that has many contributing factors (Holwerda et al., 2022).
Arguably, one of the most significant factors in how a galaxy evolves includes the environment that the particular
galaxy lives in. Nearby galaxies, including merging galaxies (galaxies that collide with each other), can cause
significant star formation (Alpaslan et al., 2015), and galaxies in clusters have been found to be redder in color
(Peng et al., 2010). With this dependence on environment, it is not unreasonable to believe that the secluded
nature of void galaxies could have a substantial effect on their morphology. With fewer merging galaxies in these
underdense regions, a lack of clusters, and less material for accretion (the process of gravity pulling gas and dust
inside the galaxy), the evolution of these galaxies is highly likely to be driven by internal processes.
The paper by Rojas et al. (2004) identifies nearly a thousand void galaxies for study in a past iteration of
the Sloan Digital Sky Survey (SDSS), does so by using a nearest neighbor analysis, quantifying any galaxy as a
void galaxy if it has a distance of at least 7 h−1 Mpc from its third nearest neighbor. This study investigates the
Sersic index in two populations, wall galaxies (non-void galaxies, also known as tendril and filament galaxies) and
void galaxies, in two distance groups, near and distant. The distance groups are defined by the SDSS, where the
near group uses the nearby SDSS magnitude-limited sample and the distant group uses the distant SDSS sample.
This results in a total of two statistical tests being conducted: a comparison of the Sersic index in the nearby
void galaxies versus nearby wall galaxies, and distant void galaxies versus distant wall galaxies. This study finds
no significance in the Kolmogorov-Smirnov statistics between the nearby groups, but statistical significance in the
distant sample.
These are conflicting results, and result in an inconclusive study in terms of galaxy morphology. However,
this study does determine that void galaxies appear to be bluer in color and fainter than wall galaxies in both the
nearby and distant samples.
In addition, other studies agree with the conclusion that void galaxies are expected to have higher specific star
formation rates (sSFR) and retain more of a blue color as compared to similar galaxies in more dense environments
(Rojas et al., 2004, 2005; Moorman et al., 2015, 2016; Beygu et al., 2016, 2017). However, Kreckel et al. (2014)
disagrees, stating that in their sample of 61 void galaxies in the Void Galaxy Survey (VGS), there appeared to be
no evidence for bluer colors at a fixed luminosity (although the authors note their small sample size and the need
for control of all variables), and that void galaxies have similar gas disks to galaxies in denser environments. The
analysis of nine void galaxies from SDSS Data Release 7 (DR7) by Fraser-McKelvie et al. (2016) also suggests
that the isolation of void galaxies has no effect on the star formation rate (SFR).
Rojas et al. (2005) also suggests that void galaxies have more spirals than their counterparts in denser
environments, with Van De Weygaert et al. (2011) suggesting that they maintain a late-type morphology. In
addition, Beygu et al. (2016) finds that void galaxies from the Void Galaxy Survey typically have a lower Sersic
index (n<2), typically conclusive of more disky galaxies, but concludes that void galaxies do not seem to have a
specific "type." On the other hand, Pustilnik et al. (2019)’s analysis of dwarf galaxies in voids show that these
galaxies typically have morphologies consistent with irregular (morphologies that are neither elliptical nor spiral)
and late-type spiral galaxies.
14

Clearly, results and sampling of void galaxies remain diverse across studies and often lead to conflicting results.
Therefore, this study aims to remedy this problem by using new data and a variety of perspectives.
Alpaslan et al. (2014) introduces a new spectroscopically complete catalogue of the large-scale structure
(LSS) of the Universe called the Galaxy and Mass Assembly (GAMA) Large Scale Structure Catalogue (GLSSC),
comprising over forty thousand galaxies. As described above, the authors identify over forty thousand galaxies as
belonging to either filaments (the largest structure), tendrils (the second-largest structure, and substructure of
filaments), or voids. Void galaxies are defined by Alpaslan et al. (2014) as a galaxy that is at a minimum 4.56h−1
Mpc from the nearest tendril galaxy, which are a minimum of 4.12h−1 Mpc from filaments. This survey samples
galaxies from various stellar mass groups, which allows for trends caused by environment to be more prevalent
than trends in galaxies caused by mass. Because of testing through this and other methods, Alpaslan et al. (2014)
and Alpaslan et al. (2015) then use data from Pan et al. (2012) to identify a new sample of void galaxies that are
truly isolated, and prove that many galaxies previously identified as voids, such as the ones in the studies above,
may actually be tendril galaxies. As a result, the galaxies identified by Alpaslan et al. (2014) are expected to truly
be some of the most isolated objects in the Universe.
This study introduces the idea of combining the powerful sample created by Alpaslan et al. (2014) with the
resources in Galaxy Zoo, described below, to complete an observational data analysis on void galaxy morphology
and comparing the results with previous literature. Very few previous studies exist that investigate the properties
of void galaxies using data from Galaxy Zoo, allowing this study to take a new perspective on the problem.

Hypothesis
Galaxies often consist of two major components: the inner bulge - the center and brightest part of the galaxy and the surrounding disk, seen in Figure 5. While many galaxies are not actually disk-shaped, this disk contains
gas and dust that are an integral part of the galaxy morphology. The bulge often forms first in the galaxy, with
the surrounding disk forming from accretion. Because void galaxies are so isolated, we expect that they will have
little surrounding material to accrete from, and will therefore have a dominant spheroidal bulge in the center. In
addition, elliptical galaxies and features such as obvious mergers and tidal debris are typically present in denser
environments, as these are ideal conditions for galaxies to collide and form these features. Therefore, we expect
there to be a significant difference in the presence of these morphological traits between our two samples, as void
galaxies are identified due to their isolated nature.
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Figure 5: Physical representation of the galactic disk and bulge, shown over an image of galaxy NGC 4565 (the
Flying Saucer Galaxy), an edge-on spiral. Original galaxy image credit to the European Space Agency (ESA).

CHAPTER 3
Methods
This study operated under the supervision of Dr. Benne Holwerda, Associate Professor of Physics & Astronomy,
and used data analysis in the programming language Python to analyze data from the Galaxy and Mass Assembly
(GAMA) survey (Driver et al., 2011) and Galaxy Zoo’s GAMA-KiDS survey. The data sets in question include
GZ GAMA-KiDS (Galaxy Zoo), SersicPhotometry v09, SersicCatSDSS v09, and MagPhys v09, BDModels v04,
and the table of void galaxies from Alpaslan et al. (2014), VoidGals.
This data could not be immediately used to perform analysis. It is essential that we thoroughly checked our
data for biases. Before plotting the properties of these galaxies, the data sets had to be merged to create two
distinct tables with all of the galactic properties: one that contains only void galaxies, and one with the field
galaxies. In addition, these tables must be further limited to ensure we are only considering data from a stellar
mass range of which we are certain the certain the final sample is complete, as each data set has individual study
parameters. For example, the GAMA data (SersicPhotometry, SersicCat, and MagPhys) are complete up to a
redshift value of z=0.25, but Galaxy Zoo (GZ GAMA-KiDS) is only complete up to a redshift value of z=0.15.
Therefore, after being combined, our data has a maximum redshift of z=0.15. For stellar mass, we must also
apply the upper and lower limits on stellar mass, 109.35 M⊙ < M∗ < 1011.5M⊙ . Once these cuts are done and
the data is plotted with the selection, we can further modify the data as needed to ensure our sample is complete
and accurate.
Furthermore, because some properties are not always discernible and minor errors exist in the studies, we must
further mask some of the data. For example, in the data, several galaxies have Sersic indices of -999.
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This does not accurately follow from the formula for Sersic index, where negative values are impossible. These
values are inserted into the dataset instead of having missing data. Therefore, we choose to mask all Sersic index
values in the sample that are less than 0 (n < 0).
Similarly, the Galaxy Zoo data can have misleading voting fractions of 0 or 1. This can happen when only a
single person votes for a specific galactic component, whereas the remainder of the voting public did not consider
the question in their survey. For example, if 63 participants were using Figure 6 to classify Galaxy A, and 62 agreed
that the galaxy could be a disk viewed edge-on (question T01), the survey would not have them vote on whether it
has spiral arms, or how many. The remaining one person, however, could classify Galaxy A as a four-armed spiral.
Galaxy Zoo would then denote the voting fractions for spiral (question T03) and four arms (question T06) as 1,
since a hundred percent of the population, one person out of person, voted for these classifications. However, it
is obvious that believing those voting fractions would be in poor faith. For this reason, we remove data that has
Galaxy Zoo voting fractions of 0 or 1.
During the timeframe of this study, Porter-Temple et al. (2022) was published, a study that used the same
Galaxy Zoo to investigate whether the number of spiral arms was correlated with a galaxy’s star formation rate.
In this paper, Porter-Temple rationalizes a redshift cut of no higher than 0.07 in Galaxy Zoo, as data beyond
this point loses resolution and reliability. Because we use the same Galaxy Zoo survey as Porter-Temple, we use
this as justification for our sample of limited redshift range 0 < z < 0.07, corresponding to only the very nearby
Universe. However, we would like to note that Porter-Temple et al. (2022) requires much higher resolution to
discern individual spiral arms in galaxies, whereas this study only focuses on identifying whether some of these
galaxies are spirals or not. Because of this fact and the low sample sizes at z < 0.07, we use both samples
when conducting statistical significance testing. The specific redshift range that should be used when interpreting
results is highly dependent on how large and bright the morphological structure in question is; smaller features
such as tidal streams require higher resolution. Boxy bulges also need highly resolved data, as they are a low
surface brightness feature. Major mergers and general bulge shape, however, exist on multi-kiloparsec scales, and
are generally resolvable on all scales in this study.
Properties of the galaxies that we investigate include the Sersic index, redshift, stellar mass (total mass of
stars in the galaxy), effective radius (also known as the half-light radius, or radius at which half of a galaxy’s
light is contained), specific star formation rate (star formation rate divided by stellar mass), and voting fractions
of morphological types from Galaxy Zoo. Characterizing these properties allows for a comprehensive attempt at
discerning the average morphology of void galaxies, and whether this differs from that of field galaxies.
After quantifying the physical properties of the galaxies, the Kolmogorov-Smirnov (K-S) test can be applied
to the Galaxy Zoo morphological types. For example, we can compare the differences between the two groups
where participants voted the galaxies to be spirals or not. This statistical test will determine whether results are
significant. The K-S test is particularly effective for comparing two samples and determining whether they come
from the same distribution, as it takes into account the shape of each distribution.
Significance is determined by the corresponding test statistic and p-value, where a p-value of 0.05 or less is
traditionally considered to be significant. A significant value (p-value < 0.05) will clearly indicate that the void
galaxy sample is statistically different from the remaining galaxies. The test statistic comes from the calculation
of the maximum difference between the two sample groups. In addition, the K-S test does not require that
we assume normality, and can be applied because both groups are continuous distributions. The testing is best
conducted with a larger number of data points. While the data worked with in this study is often limited, it is the
best available for statistical significance testing, and shows the need for further study and identification of void
galaxies.
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The calculation of the K-S testing is conducted through Python’s SciPy package, which automatically makes
all data assumptions and calculations. The only thing required to be input by the user are the two data sets.
In summary, comparisons are conducted as followed: Alpaslan et al. (2014) void galaxies with redshifts 0 < z
< 0.07 are compared with both void galaxy ’twins’ in GAMA and Galaxy Zoo with redshifts 0 < z < 0.07, and
M∗ and sSFR within ±0.05 dex of the void galaxies, as well as ’twins’ with redshifts 0 < z < 0.07, and M∗ and
sSFR within ±0.15 dex. The same comparisons are conducted across the samples with redshifts 0 < z < 0.15.
Overall, the results of this study have the potential to build upon the existing knowledge of isolated galactic
evolution, large-scale structure of the Universe, void galaxies, and their corresponding properties.

Galaxy and Mass Assembly (GAMA)
The Galaxy And Mass Assembly survey by Driver et al. (2009, 2011) is a unique and reliable data set in that
it provides a spectroscopically complete multi-wavelength survey of the nearby Universe (z < 0.25), with intent
on studying the spatial structure of the Universe (Driver et al., 2011). GAMA contains three equatorial regions
spanning 5 degrees in declination and 12 degrees in right ascension.
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Galaxy Zoo
The Galaxy Zoo GAMA-KiDS survey (Lintott et al., 2008) is a collaborative astronomical citizen science project.
This survey uses optical images of galaxies from telescopes to help classify galaxies and their morphologies by eye,
using a variety of questions in the form of a decision tree. This decision tree can be found in Figure 6.
T00: Is the galaxy in the centre of the image simply smooth and rounded, or does it have features?
A0: Smooth

A1:
Features

T08: How rounded is it?
A0:
Completely
round

A1: In
between

A2: Star or
artifact

T01: Could this be a disk viewed edge-on?

A2: Cigar
shaped

A0: Yes

A1: No

T07: Does the galaxy have a bulge
at its centre?
A0:
Rounded

A1: Boxy

T02: Is there any sign of a bar feature through
the centre of the galaxy?

A2: No
bulge

A0: Bar

A1: No bar

T03: Is there any sign of a spiral arm pattern?
A0: Spiral

A1: No
spiral

T05: How tightly wound do the spiral
arms appear?
A0: Tight

A1: Medium

A2: Loose

T06: How many spiral arms are there?
A0: 1

A1: 2

A2: 3

A3: 4

A4: More
than 4

T04: How prominent is the central bulge, compared with the rest of the
galaxy?
A0: No
bulge

A1: Obvious

A2:
Dominant

T09: Is the galaxy currently merging or is there any sign of tidal debris?
A0: Merging

A1: Tidal
debris

A2: Both

A3: Neither

1st Tier Question
2nd Tier Question
3rd Tier Question

T10: Do you see any of these odd features in the image?
X0: None

X1: Ring

X2: Lens or
arc

X3: Irregular

X4: Other

X5: Dust
lane

X6:
Overlapping

4th Tier Question

T11: Would you like to discuss this object?
A0: Yes

A1: No

End

Figure 6: The Galaxy Zoo decision tree for the GZ GAMA-KiDS survey. Participants begin at the top of the tree
with the first question, color-coded by the key visible in the bottom-left, and move their way throughout the tree
based on their answers to each question. This study focuses on questions T00, T01, T02, T03, T07, and T09.
This survey is more limited by redshift, using only objects with a redshift value of z < 0.15, but still provides
an effective number of galaxies to compare the samples of void galaxies and GAMA galaxies.
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This redshift cut is necessary to allow for galaxies to have images that are appropriately resolved by telescopes;
galaxies at a larger redshift value are farther away, and therefore may be fainter or blurrier. This poor resolution
would not allow for features required for morphological classification, such as bulge shape and spiral arms, to be
easily distinguishable.
Similar studies using Galaxy Zoo have been conducted to identify spiral arms and star formation rates
(Porter-Temple et al., 2022), gravitational lensing (Knabel et al., 2020), and dust lanes (Holwerda et al., 2019).

Selected Sample
In order to perform the most accurate analysis, it is important to only select data where we are certain that our
sample is complete. Figure 7 shows the complete range of data in which we conduct our analysis. Our sample
appears to be complete between stellar masses of 109.35 M⊙ and 1011.5 M⊙ , and as mentioned before, we limit
part of our sample to 0 < z < 0.07, from Porter-Temple et al. (2022). ’Twins’ are identified from this Figure if
they are within ±0.05 or ±0.15 dex of a void galaxy in M∗ and sSFR.
Again, this complete sample excludes any galaxies where the exact voting fraction is either 0.0 or 1.0. Because
this study is partly based in citizen science, galaxies with exact values of 0.0 or 1.0 may be automatically generated
through incomplete voting or few participants, and do not represent a truly accurate voting fraction that could
be used for statistical comparison. Therefore, based on the voting stage, the amount of galaxies may drastically
decrease as galaxies are identified further along the decision tree in Figure 6.

Figure 7: The complete samples of data from GAMA and GalaxyZoo. Void galaxies are denoted as black stars,
whereas other galaxies in GAMA and GalaxyZoo are cyan circles. The yellow highlighted region represents the
redshift-limited portion of this study.
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Table 1: Summary of the number of galaxies, with redshifts 0 < z < 0.15, for each parameter used in this work.
Note that later in this study for question T09, to avoid redundancy, we simply combine the answers for "merging",
"tidal debris", and "both."
0 < z < 0.15
Void Galaxies GAMA Twins (± 0.05 dex) GAMA Twins (± 0.15 dex)
Sersic Index, Effective Radius
184
8932
23343
T00: Features
168
7867
20943
T02: Bar
86
3780
9374
T03: Spiral
88
3941
9717
T04: No Central Bulge
66
4398
12048
T04: Obvious Central Bulge
110
6861
17945
T04: Dominant Central Bulge
104
6253
16546
T07: Edge-on: Rounded Bulge
53
7376
19682
T07: Edge-on: Boxy Bulge
36
4475
12415
T07: Edge-on: No Bulge
45
5123
14000
T09: Merging
129
6163
16664
T09: Tidal Debris
138
6260
16493
T09: Both
84
4470
11499
T09: Neither
162
8180
22026

Void Galaxies and their Counterparts
While this analysis was initially conducted with the intention of comparing the chosen void galaxies to all of the
Galaxy Zoo galaxies within our parameter bounds, we later chose to change this. Because we want to ensure we
are only comparing similar populations of galaxies, we decided to further limit our sample population to those we
could call ’twins’ of our selected void galaxies.
These ’twins’ are defined as galaxies in both Galaxy Zoo and GAMA that have specific star formation rates
(sSFRs) and stellar masses (M∗ ) within ±0.05 dex of a void galaxy, and we define a second group within ±0.15
dex. This results in identifying a population of galaxies that have similar characteristics to the selected void
galaxies, ensuring we are comparing populations of galaxies that are truly defined as being different through their
environment, then allowing us to test for differences in morphology and effectively concluding whether environment
does, in fact, influence the morphology of void galaxies. We choose populations of twins within ±0.05 dex because
it allows for a narrow population of galaxies that nearly exactly match the properties of the void galaxies. However,
we also include the ±0.15 dex sample of twins because observational determinations of sSFR and M∗ are not
exact, and allow us to cast a broader net with a larger sample size within the observational uncertainties. We
later show that these two populations of twins, despite their size difference and bounds, end up with very similar
results.
’Twins’ are thus identified for each of the void galaxies that fall within our stellar mass and redshift ranges.
Once each void galaxy’s twins are found, they are then combined into one large sample (for each dex and
redshift range), where we ensure the void galaxies do not lie in their own sample of ’twins’ based on their unique
identification number. A table consisting of the number of void galaxies and ’twins’ in Galaxy Zoo for each
parameter we investigate can be found in Table 1.

Interpreting Cumulative Histograms and Statistics
For this study, we chose to represent our results using cumulative histograms. For the purposes of being clear and
complete, we include a brief guide to interpreting cumulative histograms, as well as their results and relation to
Kolmogorov-Smirnov statistics.
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Table 2: Summary of the number of galaxies, with redshifts 0 < z < 0.07, for each parameter used in this work.
Note that later in this study for question T09, to avoid redundancy, we simply combine the answers for "merging",
"tidal debris", and "both."
0 < z < 0.07
Void Galaxies GAMA Twins (± 0.05 dex) GAMA Twins (± 0.15 dex)
Sersic Index, Effective Radius
16
101
692
T00: Features Present
14
88
581
T02: Bar Present
8
56
361
T03: Spiral Present
8
44
304
T04: No Central Bulge
3
88
266
T04: Obvious Central Bulge
12
78
539
T04: Dominant Central Bulge
12
74
496
T07: Edge-on: Rounded Bulge
7
86
554
T07: Edge-on: Boxy Bulge
4
35
246
T07: Edge-on: No Bulge
6
45
358
T09: Merging Present
11
63
447
T09: Tidal Debris Present
11
67
473
T09: Both Present
9
55
368
T09: Neither Present
14
88
586
First, a cumulative histogram, also known as a cumulative frequency graph, is similar to a typical histogram.
On a normal histogram, data is divided into bins on the x-axis, and the y-axis shows the number of values within
each bin. On a cumulative histogram, however, the data is still divided into bins on the x-axis, but the y-axis
shows the cumulative frequency of data throughout the whole sample. For example, a value of 0.5 on the y-axis
means that up to that point, 50% of the population has been counted. Therefore, a cumulative histogram shows
the progression of the voting fraction.
Generally, the shape of a cumulative histogram can be interpreted as a way to measure whether the voting
fraction is increasing or remaining constant. This essentially tells us whether the voting is proportional with the
population or not.
In this particular study, the x-axis of our cumulative histograms represents the fraction of votes in the sample,
and the y-axis is the cumulative fraction of the population. The following figures provide several examples of how
results are interpreted.
For example, Figure 8 shows two distributions in blue and black. The black distribution represents only values
of one, whereas the blue distribution is equally spaced between 0.1 and 0.6, for samples that look like:
Blue sample = (0.1, 0.2, 0.3, 0.4, 0.5, 0.6)

(1)

Black sample = (1, 1, 1, 1, 1, 1, 1, 1)

(2)

For the black sample, this is interpreted as 100% of the data (y-axis) lying in the bin that includes the voting
fraction of 1. For the blue sample, we see that there is no data until the bin that contains the first data point,
0.1. As 0.1 is one-sixth of the sample, the y-axis is a value of about 0.17 (which is effectively one divided by six).
For the second vote, 0.2, the y-axis is the cumulative portion of the votes. So, because this is the second data
point out of six, the y-axis value is about 0.33, which is two divided by six. This continues until we see we reach
six out of six votes, or one, at an x-value (voting fraction) of 0.6. Therefore, we reach all of the population at 0.6.
Python also takes care of normalizing the sample densities, so we can make comparisons between two samples of
different sizes, like our blue and black samples.
So, what does this mean with Galaxy Zoo’s options?
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Normalized Frequency

1.0
0.8
0.6
0.4
0.2
0.0

0.0

0.2

0.4

0.6

0.8

1.0

Normalized Voting Fraction

Figure 8: Example of a cumulative histogram for two datasets. The black dataset represents a sample of entirely
ones, whereas the blue is a sample of equally spaced data from 0.1 to 0.6.

Figure 9: Example of a cumulative histogram for two datasets. Sample 1 is represented by the black distribution,
while Sample 2 is cyan. It is apparent that the cyan distribution is in general disagreement, while the black sample
is in general agreement.
In Figure 9, we again display two distributions, this time in the colors corresponding to the rest of this study.
The cyan distribution, Sample 2, clearly reaches its peak at an earlier voting fraction of approximately 0.4, whereas
the black distribution, Sample 1, maintains low values until it reaches the higher voting fractions. This can be
generalized by saying distributions that have higher values at lower voting fractions are in general disagreement
with the question/answer combination in Galaxy Zoo, whereas distributions that have higher values at higher
voting fractions can be considered to be in general agreement.
We can look at this Figure in terms of Galaxy Zoo, and assign it an arbitrary question, such as, "Is the galaxy
round?"
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Therefore, we would interpret this data as telling us that the cyan distribution disagrees with this question,
and that sample of galaxies is not generally round, whereas the black sample of galaxies agrees, and therefore
that sample is typically round.

Figure 10: Example of a cumulative histogram for two datasets, similar to Figure 9. When Kolmogorov-Smirnov
statistics are conducted on the sample, the test statistic is represented by the black arrowed line.
Cumulative histograms are particularly important in this context because of their relevance to KolmogorovSmirnov significance testing. Here, Figure 10 shows how the K-S test statistic is calculated as the largest vertical
distance between the two samples. Therefore, the K-S statistic is a measure of how similar the two samples
are: smaller test statistic values show that the samples are similar, which a statistic of 0 meaning that both
distributions are exactly the same, and a statistic of 1 meaning both distributions are completely opposite (as in
the case of two horizontal lines at y=0 and y=1).
We do not show the formula for the p-value and test statistic here, as they are not trivial and easily calculated
via Python’s SciPy package. However, for complete understanding, we emphasize that the p-value is calculated
using the test statistic. For ease, once the calculation of the test statistic is complete, many will often use a
general table of values to determine their p-value, and by extension, the significance of their result. These tables
typically include a row or column for the confidence level (typically 95%, as used here), and another for the
corresponding test statistic. Matching these rows and columns with your own test statistic and confidence level
will give you your p-value. We reiterate that a crude summary of a low p-value (p<0.05) is that there is less than
a 5% chance that our two samples came from the same overlying distribution, or a less than 5% chance that we
have the "same" samples.
In all, if we wanted to definitely prove that that there is a significant difference between our populations of
void galaxies and field galaxies, we would hope to find a test statistic that is non-zero, with higher values showing
more deviation, and a corresponding p-value that is below 0.05, or as close to 0 as possible. Because the test
statistic represents the maximum distance between each cumulative distribution function, we also note here that
the two-sample K-S test is sensitive to the location of the data.
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CHAPTER 4
Results
Physical Galaxy Properties
The physical properties of the galaxy, including the rate at which they are actively producing stars, and their
effective radius, provides useful information about their history and distribution in the Universe. The following
Figures, beginning with Figure 11, allow us to investigate these in our sample.
First, in Figure 11, we show our samples of void galaxies with no additional redshift cut. Here, we can clearly
see that the two samples of void galaxies and twins follow a similar shape, and the diskier (bluer, on the colorbar
of Figure 11) galaxies have higher star formation rates, whereas the elliptical galaxies (cyan) have higher stellar
masses. We also note that both samples of twins have an identical distribution, with the larger simply being more
densely populated. However, when it comes to the distribution of effective radius, we note that our sample of
void galaxies appears to have a much narrower distribution, and lacks the spray of high Sersic index galaxies (dark
red in Figure 11) above and below the distribution.

Figure 11: Physical properties of galaxies in both samples with redshift 0<z<0.15, GAMA ’twins’ within ±0.05
dex (left panels) and ±0.15 dex (right panels). The top panels show specific star formation rate (sSFR) as a
function of stellar mass (M∗ ), and the bottom panels show effective radius (R; kpc) as a function of M∗ . Points
are colored by their Sersic index.
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Figure 12: Physical properties of galaxies in both samples with redshift 0<z<0.07, GAMA ’twins’ within ±0.05
dex (left panels) and ±0.15 dex (right panels). The top panels show specific star formation rate (sSFR) as a
function of stellar mass (M∗ ), and the bottom panels show effective radius (R; kpc) as a function of M∗ . Points
are colored by their Sersic index.
Figure 12 paints a more interesting picture of how taking a more limited redshift sample affects the observed
physical properties of the twins of the void galaxies. It appears that in the lower redshift sample, void galaxies
and their twins have a much smaller range of stellar masses that are more condensed. The difference between the
populations of disk and elliptical galaxies also appears to be particularly evident, with the ’twin’ columns showing
how they are clustered together in the top panels of Figure 12, showing what we would typically expect from
star-forming disk galaxies and "red and dead" ellipticals.
Observing this size distribution of the galaxies on a cumulative histogram allows us to determine the statistical
differences between the datasets. From Figure 13, we can first see the key differences between the redshift
distributions: the 0 < z < 0.15 sample appears to have larger galaxies, and we can see from both samples that
the field galaxies, or ’twins’, appear to have larger effective radii than the void galaxies.
These analyses are supported after significance testing, where we find significance in the difference between
the distributions of void galaxies and field galaxies for 0 < z < 0.15 at both twins of ±0.05 dex and ±0.15 dex.
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Figure 13: Cumulative histogram of effective radius values from the VIKING survey, that are also in Galaxy Zoo.
Void galaxies are denoted in black, whereas twins of the void galaxies in GAMA are in cyan. Left panels represent
twins chosen within ±0.05 dex of void galaxies, whereas right panels represent twins chosen within ±0.15 dex.

Sersic Index
As introduced, the Sersic index is one of the simplest ways to gain insight into the morphological distribution
of galaxies. Plotting histograms of these values allows us to immediately see what the general distribution of
galaxy morphology based on the light profile appears to be, with disky galaxies residing around n<2, and ellipticals
around n∼4.
For the galaxies throughout the samples in Figure 14, we see a clearly defined peak in the distributions of
Sersic index at n<2, with all subsamples having roughly three-quarters of their galaxies with a Sersic index of
n<3, showing that most galaxies in each distribution appear to be disky ("late-type") in nature. Therefore, these
simple plots allow us to immediately see that both void galaxies and their counterparts in GAMA and Galaxy Zoo
are disk-dominated, and this does not change as we redefine the twins or adjust the redshifts, though the samples
with no redshift cut are certainly more similar. However, the GAMA data offers more insights than just the Sersic
index.
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Figure 14: Histogram of Sersic index (n) values from the VIKING survey, that are also in Galaxy Zoo. Void
galaxies are denoted in black, whereas twins of the void galaxies in GAMA are in cyan. Left panels represent twins
chosen within ±0.05 dex of void galaxies, whereas right panels represent twins chosen within ±0.15 dex.

Galaxy Zoo Voting
Similar to before with the Sersic index, we conduct this analysis by creating normalized cumulative histograms,
except now we use the voting fractions from the selected Galaxy Zoo questions. Here, we focus on attention on
the following questions from Figure 6:
• T00 - Is the galaxy in the centre of the image simply smooth and rounded, or does it have features?
• T02: Is there any sign of a bar feature through the centre of the galaxy?
• T03: Is there any sign of a spiral arm pattern?
• T04: How prominent is the central bulge, compared with the rest of the galaxy?
• T07: Does the galaxy have a bulge at its centre?
• T09: Is the galaxy currently merging or is there any sign of tidal debris?
We choose to skip question T01 (Could this be a disk viewed edge-on?), which leads into question T07,
because edge-on galaxies are not a type of morphology and give no indication into a galaxy’s properties; edge-on
galaxies are merely a result of the viewing angle from Earth. Therefore, we skip to question T07 which contains
the morphological information.
We also choose to skip questions T05 (How tightly wound do the spiral arms appear?) and T06 (How
many spiral arms are there?) because we are simply interested in the spiral morphology itself as opposed to the
intricacies. In addition, questions T05 and T06 are fourth-tier questions (from the key in Figure 6), meaning
that they have the least amount of answers to all the questions, and as a result will have poorer statistics for our
already-limited sample.
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Figure 15: Histogram comparing the voting fraction for question T00 (presence of features) in both samples, with
a normalized frequency. GAMA ’twins’ are denoted in cyan, and void galaxies are denoted in black. Left panels
represent twins chosen within ±0.05 dex of void galaxies, whereas right panels represent twins chosen within
±0.15 dex.
Figure 15 denotes the beginning of our comparisons in Galaxy Zoo with question T00. Immediately, we can
see by eye that the samples are extremely similar, with the redshift cut (0 < z < 0.07) sample appearing to have
the most differences between the two subsamples.
When we conduct the two-sample K-S test (see Tables 3 and 4), we see that there is only a statistical
significance between void galaxies and field galaxies (the GAMA ’twins’), when the ’twins’ are identified as being
±0.15 dex of the voids, and with no limit on the redshift. Because we only find significance in this one subsample
of four, we cannot reliably reject the null hypothesis that these come from the same sample for ’features present’,
but it warrants future investigation, preferably with larger sample sizes of void galaxies in our redshift ranges.
Figures 16 and 17 address questions T02 and T03, which ask about the presence of a bar or spiral, respectively.
We do not find significance in any subsample for either of the two voting fractions.
Figures 18, 19, and 20 represent the answers for question T04, which asks about the prominence of the central
galaxy bulge compared to the rest of the galaxy. Interestingly enough, all three of these questions appear to be
highly significant at 0 < z < 0.15, but all lose their significance when the redshift range is decreased to 0 < z <
0.07.
Galaxy Zoo question T07 is denoted by Figures 21, 22, and 23, which covers our population of edge-on
galaxies. Similar to T04, we find significant results for each of the bulge shapes in the larger redshift sample, but
we only see significance for the rounded bulge in the more limited subsample. Significance strongly suggests we
reject the null hypothesis that edge-on void galaxies and field galaxies have different distributions when it comes
to having rounded central bulges. The rest of the morphologies here are inconclusive.
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Figure 16: Histogram comparing the voting fraction for question T02 (is a bar present?) in both samples, with
a normalized frequency. GAMA ’twins’ are denoted in cyan, and void galaxies are denoted in black. Left panels
represent twins chosen within ±0.05 dex of void galaxies, whereas right panels represent twins chosen within
±0.15 dex.
Finally, question T09 ("Is the galaxy currently merging or is there any sign of tidal debris?") can be investigated
by referencing Figure 24. This question and all four possible answers are perhaps most relevant to this study, as
the presence of merging galaxies and tidal debris are direct consequences of galaxies crashing into each other in
denser environments, with the visible mergers catching the progress in action, and tidal debris occurring when
a galaxy becomes caught in another’s gravitational pull. It is with simple logic that we would hypothesize void
galaxies have a much lower possibility of either of these occurring due to their isolated nature, but our statistics are
conflicting. For simplicity, we are more concerned with identifying the general presence of mergers as opposed to
the identification method (tidal debris, visible mergers, or both). Because question T09 has four possible choices,
if we then group the three positive identifications of mergers together into simply, "Evidence of Mergers", it then
becomes redundant to include "Neither", as the sum of all four must equal one, and they will then have the same
statistics. From this point on, we will only refer to question T09 as evidence of mergers.
In the 0 < z < 0.15 redshift sample, we only find statistical significance in the largest sample of twins (±0.15
dex) for neither event occurring. In the smaller 0 < z < 0.07 sample, we only see statistical significance for the
smallest subsample of twins (±0.05 dex) when it comes to the presence of mergers. We note here that the ±0.15
dex twins have a p-value of 0.06, which is one-hundredth too high to be considered statistically significant, but
highly suggestive enough that we are comfortable calling this sample significant at this redshift range.
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Table 3: Significance testing results for morphological features between void galaxies and their twins, with 0 <
z < 0.15, under the null hypothesis that both samples come from the same distribution. Bold p-values denote
significant results. Standard critical value for statistics is 5% (p-value of 0.05).
2-Sample K-S Test: ±0.05 dex, 0<z<0.15
Sersic Index
Effective Radius
T00: Features
T02: Bar
T03: Spiral
T04: No Central Bulge
T04: Obvious Central Bulge
T04: Dominant Central Bulge
T07: Edge-on: Rounded Bulge
T07: Edge-on: Boxy Bulge
T07: Edge-on: No Bulge
T09: Evidence of Mergers

Test Statistic

P-value

0.09
0.01
0.07
0.10
0.08
0.35
0.24
0.28
0.59
0.56
0.53
0.09

0.15
0.05
0.39
0.31
0.54
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
0.18

2-Sample K-S Test: ±0.15 dex, 0<z<0.15
Test Statistic

P-value

0.04
0.14
0.11
0.12
0.11
0.39
0.28
0.26
0.61
0.59
0.57
0.11

0.94
<0.01
0.03
0.14
0.20
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
0.05

Table 4: Significance testing results for morphological features between void galaxies and their twins, with 0 <
z < 0.07, under the null hypothesis that both samples come from the same distribution. Bold p-values denote
significant results. Standard critical value for statistics is 5% (p-value of 0.05).
2-Sample K-S Test: ±0.05 dex, 0<z<0.07
Sersic Index
Effective Radius
T00: Features
T02: Bar
T03: Spiral
T04: No Central Bulge
T04: Obvious Central Bulge
T04: Dominant Central Bulge
T07: Edge-on: Rounded Bulge
T07: Edge-on: Boxy Bulge
T07: Edge-on: No Bulge
T09: Evidence of Mergers

Test Statistic

P-value

0.16
0.26
0.21
0.18
0.24
0.66
0.24
0.17
0.60
0.57
0.48
0.20

0.88
0.34
0.59
0.96
0.76
0.58
0.50
0.89
0.01
0.14
0.13
0.66

31

2-Sample K-S Test: ±0.15 dex, 0<z<0.07
Test Statistic

P-value

0.19
0.28
0.14
0.20
0.26
0.40
0.33
0.25
0.55
0.48
0.49
0.21

0.65
0.18
0.90
0.85
0.59
0.75
0.12
0.39
0.02
0.24
0.08
0.54

T03 : Spiral Present?
±0.05 dex

0 < z < 0.07

±0.15 dex

0.75
0.50
0.25
0.00
1.00

0 < z < 0.15

Normalized Frequency

1.00

0.75
0.50
0.25
0.00

0.0

0.5

1.00.0

0.5

1.0

Spiral Voting Fraction
Void Galaxies

GAMA 0 Twins0

Figure 17: Histogram comparing the voting fraction for question T03 (is a spiral present?) in both samples, with
a normalized frequency. GAMA ’twins’ are denoted in cyan, and void galaxies are denoted in black. Left panels
represent twins chosen within ±0.05 dex of void galaxies, whereas right panels represent twins chosen within
±0.15 dex.

CHAPTER 5
Discussion and Conclusions
Overall, we have identified that galactic morphology tells the story of a galaxy’s life, as it contains information
about interactions between the galaxy and its environment through features such as ellipticity, tidal streams,
merging companions, and more.
Using GAMA and Galaxy Zoo as a way to study galactic morphology combines the attributes of spectroscopically deep surveys and the hundreds of hours from citizen science, telling a story in multiple components that is
rarely used. Together, this story helps piece together whether the loneliest galaxies in the Universe are actually
different in terms of physical features and shape.

Discussion
Following our exploration of the statistics and cumulative histograms in Galaxy Zoo, as well as physical properties
from GAMA, what can we say about these results?
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Figure 18: Histogram comparing the voting fraction for question T04 (How prominent is the central bulge,
compared with the rest of the galaxy?) with answers for ’no bulge’ in both samples, with a normalized frequency.
GAMA ’twins’ are denoted in cyan, and void galaxies are denoted in black. Left panels represent twins chosen
within ±0.05 dex of void galaxies, whereas right panels represent twins chosen within ±0.15 dex.
First, from Figure 7, we see that the majority of void galaxies identified by Alpaslan et al. (2014) within the
redshift range of 0 < z < 0.15 appear to lie within the latter half of this range, with only 16 appearing within 0
< z < 0.07.
Beginning with the physical properties of void galaxies and field galaxies is natural, because while it may not
be intuitive for specific morphological components, the size of these galaxies can reveal important information
about their evolution and environment. From Figures 11, 12, and 13, it seems apparent that void galaxies in larger
samples, such as 0 < z < 0.15, have smaller effective radii than field galaxies. This is supported by the KS-testing
in Table 3 where we found significance for both samples of twins in this redshift range. While no significance is
found in the 0 < z < 0.07 sample, we note that this sample size is nearly an order of magnitude smaller than
the 0 < z < 0.15 sample. As a result, the limited population makes it difficult to conduct such statistics, and
this becomes an instance where having the larger 0 < z < 0.15 sample means that we can more accurately test
whether there is a true difference in the populations.
It is also important to note that void galaxies having smaller effective radii makes sense from what we know
about galactic formation and evolution. Galaxies reach a larger size when they are able to steadily continue accreting a large amount of material onto their disk, increasing the overall size, and/or merge with other surrounding
galaxies. Because our void galaxies are defined as being the loneliest objects in the Universe, it is natural that
they would be smaller, as this isolation prevents them from having ample natural surroundings to accrete onto
their disks, and few mergers to create large ellipticals.
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Figure 19: Histogram comparing the voting fraction for question T04 (How prominent is the central bulge,
compared with the rest of the galaxy?) with answers for ’obvious bulge’ in both samples, with a normalized
frequency. GAMA ’twins’ are denoted in cyan, and void galaxies are denoted in black. Left panels represent twins
chosen within ±0.05 dex of void galaxies, whereas right panels represent twins chosen within ±0.15 dex.
When we move our analysis towards the Sersic index, in Figure 14, we see that both samples of galaxies, void
galaxies and their comparable ’twins’, appear to be largely dominated by low Sersic indices. This means that our
samples are primarily disk galaxies, which makes sense in terms of the overarching structure of the local Universe,
which is majority disk galaxies. In addition, the principle method of forming elliptical galaxies is through galaxies
colliding and merging with each other, so naturally we would expect there to be an absence of these in a void
environment, consequently resulting in an increased fraction of disk galaxies.
Overall, we found no true significance between any of the subsamples when looking at the Sersic index. While
these results tell us empirically that these could effectively come from the same overall distribution, we caution
that the Sersic profile is not detailed enough for a comprehensive morphology conclusion. Here, we simply carefully
deduce that void galaxies and their field counterparts have a similar distribution in terms of Sersic index, and both
appear to be disk-dominated.
Our results for Sersic index are supported by the findings for question T00 in Galaxy Zoo. In this question,
confirming that a galaxy has features is effectively the equivalent of saying that a galaxy is disky in nature, as
a smooth, featureless galaxy is typically elliptical. In Figure 15, we see that particularly for the 0 < z < 0.07
sample, both samples are votes as having features present. We see little-to-no difference in how we define the
comparison galaxies, whether it be by them residing within ±0.05 dex of sSFR and M∗ or within ±0.15 dex.
When it comes to the presence of a bar, we also see little evidence of a difference between either sample,
either through the histograms or statistics.

34

T04 : Prominence of Bulge : Dominant
±0.05 dex

0 < z < 0.07

±0.15 dex

0.75
0.50
0.25
0.00
1.00

0 < z < 0.15

Normalized Frequency

1.00

0.75
0.50
0.25
0.00

0.0

0.5

1.00.0

0.5

1.0

Dominant Bulge Voting Fraction
Void Galaxies

GAMA 0 Twins0

Figure 20: Histogram comparing the voting fraction for question T04 (How prominent is the central bulge,
compared with the rest of the galaxy?) with answers for ’dominant bulge’ in both samples, with a normalized
frequency. GAMA ’twins’ are denoted in cyan, and void galaxies are denoted in black. Left panels represent twins
chosen within ±0.05 dex of void galaxies, whereas right panels represent twins chosen within ±0.15 dex.
The presence of spirals in void galaxies also has no significance, though we note from the histograms that
both samples show a strong affinity for having spirals present, though this is noticeably less so for redshifts 0 <
z < 0.07.
Question T04, regarding the prominence of the bulge in the galaxies, is where we draw our most significant
results. Here, we note that from Tables 1 and 2, the sample sizes dramatically differ. Our sample with 0 < z
< 0.15 has between 66 and 110 void galaxies for the three questions, and the ranges for the twins consist of
4,398-6,861 (±0.05 dex) and 12,048-17,945 galaxies (±0.15 dex). On the other hand, the redshift limited sample
only contains 3-12 void galaxies and 74-88 (±0.05) dex and 266-539 galaxies (±0.15 dex). As a result, we see
that even the largest number of twins in the redshift-limited subsample (539) is merely three percent of the largest
in the other (17,945). It is therefore expected that this would provide us with significant differences in results
between the two samples. Because bulges are such a large component of the galaxy, and their mere existence can
be confirmed on scales of multiple kiloparsecs, they require less resolution than other features, and we can feel
comfortable drawing our statistics from either redshift sample, including 0 < z < 0.15.
Regardless of significance, however, we can say for certain that both samples have obvious bulges, and even
largely predominant bulges. Most importantly, from Figure 18, we see that participants in Galaxy Zoo find similar
results for void galaxies: they disagree that void galaxies do not have bulges, essentially arguing that nearly all
void galaxies have bulges.
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Figure 21: Histogram comparing the voting fraction for question T07 about edge-on galaxies (Does the galaxy
have a bulge at its center?) with answers for ’rounded bulge’ in both samples, with a normalized frequency.
GAMA ’twins’ are denoted in cyan, and void galaxies are denoted in black. Left panels represent twins chosen
within ±0.05 dex of void galaxies, whereas right panels represent twins chosen within ±0.15 dex.
In the grand scheme of galactic formation and evolution, this conclusion follows from what we already know.
Referencing back to our brief introduction on galaxy formation, it is hypothesized that the bulge forms first in
galaxies, and is therefore the oldest part of the galaxy. The disks that are seen in so much of our sample are
formed later, with the accretion of more material. Because of this high fraction of disk galaxies, evident from
the presence of features in Galaxy Zoo and the low Sersic indices, we know that void galaxies are accreting some
amount of material to form these disks, but not enough to make the bulge less dominant.
It is therefore not unreasonable to suggest that the isolation of void galaxies is the physical cause behind their
bulges being so dominant. This isolation in low-density environments means that there is significantly less material
for the void galaxies to accrete, thus forming weaker disks that allow the bulges to dominate them. Following the
same logic, the fact that these bulges formed in the earlier, denser stages of the Universe (which becomes less
dense over time due to expansion), particularly from smaller mergers, means they are old enough to see significant
changes in their angular momentum that could also have affected the evolution of the galactic disk.
Following our realization that all void galaxies (that are not edge-on) appear to have bulges, and dominant
ones at that, we can then move our conclusions on to the edge-on portion of our sample, determined by question
T01, and where we see the results in T07.
For this sample, we note the particular importance of having a highly resolved sample. The orientation of
these galaxies means that the only distinguishable portion of them is their central bulge. With the few shapes
available to choose from (boxy, round, or no bulge), it becomes simple to see why the stark contrast between
boxy and rounded bulges of edge-on galaxies occurs in Figures 21 and 22.
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Figure 22: Histogram comparing the voting fraction for question T07 about edge-on galaxies (Does the galaxy
have a bulge at its center?) with answers for ’boxy bulge’ in both samples, with a normalized frequency. GAMA
’twins’ are denoted in cyan, and void galaxies are denoted in black. Left panels represent twins chosen within
±0.05 dex of void galaxies, whereas right panels represent twins chosen within ±0.15 dex.
We see significance in both samples, but here we caution that this significance may not be entirely due to a
morphological difference in the two samples, and is instead a matter of resolution. If not explicitly resolved, boxy
edge-on galaxies tend to look exactly the same as their rounded edge-on counterparts. As a result, we conclude
that edge-on void galaxies and field galaxies merit further study to test for true significance, and this further study
should only be conducted with a very highly resolved population from a next-generation telescope, such as the
Rubin Observatory or Hubble’s successor, the Roman Space Telescope.
Finally, our results conclude by comparing the evidence for mergers. Here, resolution dependency varies based
on which answer to T09 we choose to look at. Tidal debris, the effect of another galaxy’s gravitational force
causing material to leave the galaxy in streams, is typically only seen on more resolved, sub-kiloparsec scales. As
a result, this question means that it is more important to look at a highly-resolved population, or the tidal debris
may not be spotted by participants in Galaxy Zoo.
On the other hand, mergers occur at various rates. Major mergers, which are incidents of merging galaxies
with mass ratios of about 1:1, are extremely large incidents and do not require significant resolution (on the scale
of this study) to identify. Minor mergers, however, are incidents of merging galaxies where the merging satellite
is much smaller than the one absorbing it. It is not unheard of for these mergers to go undetected if the system
is not fully resolved.
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Figure 23: Histogram comparing the voting fraction for question T07 about edge-on galaxies (Does the galaxy
have a bulge at its center?) with answers for ’no bulge’ in both samples, with a normalized frequency. GAMA
’twins’ are denoted in cyan, and void galaxies are denoted in black. Left panels represent twins chosen within
±0.05 dex of void galaxies, whereas right panels represent twins chosen within ±0.15 dex.
Surprisingly enough, we see statistical significance only in the less resolved sample from 0 < z < 0.15. This,
combined with the low test statistics, means that we can be reasonably confident that there is little difference
between the occurrence rate of mergers in void and field galaxies: both have rather low evidence for mergers
occurring. Why exactly this is the case remains uncertain; it is entirely possible that the resolution of this study,
as well as the sample size, means that mergers are not being accurately identified. The overall lack of a difference
between the two samples goes against what intuition would tell us from the isolated nature of void galaxies, and
we emphasize that this merits further attention in observational surveys.

Comparison to Literature
After investigating the physical properties of void galaxies and their voting fractions for certain morphological
traits in Galaxy Zoo, we’ve found that the way identical galaxies are defined has a small effect on the statistical
significance, and the redshift range at which we define the sample has an even greater affect.
While this is the first time these results have been found using GAMA and Galaxy Zoo, as well as with the
true void galaxies found by Alpaslan et al. (2014), they follow with what currently exists in the literature.
As previously mentioned, Rojas et al. (2004) conducted a study using nearest-neighbor statistics in SDSS to
investigate the Sersic index of void galaxies and wall galaxies. Similar to the work done here, Rojas et al. (2004)
used the Kolmogorov-Smirnov test to test for significance in the Sersic index of their subsamples (void and wall
galaxies, near and far). They found no significance within the nearby sample, and the opposite in the far sample.
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Figure 24: Histogram comparing the voting fraction for question T09 (Is the galaxy currently merging or is there
any tidal debris?) with answers for ’merging’, ’tidal debris’, or ’both’ in void and field galaxies, with a normalized
frequency. GAMA ’twins’ are denoted in cyan, and void galaxies are denoted in black. Left panels represent twins
chosen within ±0.05 dex of void galaxies, whereas right panels represent twins chosen within ±0.15 dex.
While we do not find statistical significance in any case for the Sersic index, we do see something similar with
our voting fractions for Galaxy Zoo: in many cases, particularly with the bulge shape (questions T04 and T07), we
see extremely high significance in our larger redshift sample of 0 < z < 0.15 that is not replicated by the smaller
sample, 0 < z < 0.07. However, we note here that the "near" sample from Rojas et al. (2004) uses a maximum
redshift (zmax ) of 0.025, where ours is 0.07, and for their far sample, zmax =0.089, while ours is z=0.15.
When it comes to the physical properties, we note that while previous authors conduct analysis on the star
formation rates of void galaxies to their counterparts, we refrain from doing so because we have specifically
selected the counterparts to be similar in star formation (within ±0.05 and ±0.15 dex).
We remain in general agreement when it comes to previous findings on void galaxy morphology as a whole.
We find that void galaxies are dominated by disks, and most of these appear to be spiral galaxies. Van De
Weygaert et al. (2011), Beygu et al. (2016), and Pustilnik et al. (2019) all agree, as they found void galaxies to
be predominantly late-type. We do, however, disagree with findings from Rojas et al. (2005) stating that void
galaxies have more spiral galaxies. We find no significance between the amount of spirals in void and field galaxies,
only that they are both dominated by them.
As a result, this study offers new information from the conclusion that void galaxies are smaller than their
field counterparts, most often have bulges, and may contain more rounded bulges, and our result of predominant
disk galaxies concurs with most previous literature. However, there still exist numerous conflicting results when
it comes to void galaxies, their star formation rates, and how they compare to the rest of the Universe.
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Conclusions
This study used void galaxies identified by Alpaslan et al. (2014) to investigate possible differences in morphology
between the isolated void galaxies in underdense regions and more typical field galaxies in the Galaxy Zoo GAMAUKiDS survey. We split both the void galaxies and twins into samples based on redshift: 0 < z < 0.15, which
is the natural redshift limit of the GAMA-UKiDS survey, and 0 < z < 0.07, a more specific and high-resolution
limit used by Porter-Temple et al. (2022). Furthermore, we ensure we are only comparing Galaxy Zoo galaxies
that are identical to the void galaxies by selecting ’twins’ that have values of stellar mass that are within ±0.05
dex for the first sample and ±0.15 dex for the second sample. These samples of twins allow us to stay within
observational uncertainties for measurements of star formation rate and stellar mass. Using both allows us to stay
well-within the ranges observed in void galaxies and maintain a population appropriate to draw statistics from.
From these samples, we investigate the physical properties of Sersic index, effective radius, the voting fractions
for answers in questions T00, T02, T03, T04, T07, and T09 from Galaxy Zoo.
To summarize our findings about prevalent void galaxy morphology, we modify Figure 6. Figure 25 represents
this modified version that shows the most likely path for void galaxies in Galaxy Zoo. We can essentially say
that we see void galaxies are more likely to have features than be smooth. If the galaxy is face-on, and proceeds
to question T02, then it is likely that the galaxy is a non-barred spiral (see the top branch of Figure 2). From
there, nearly all face-on galaxies appear to have a bulge, with it being obvious or even dominant compared to the
disk. If the galaxy is edge-on, it most likely has a rounded bulge compared to boxy or none, though we note that
resolution possibly explains the few observations of bars in edge-on galaxies. At the very end, we note that we
see no evidence of mergers in most of the sample.
After conducting significance testing between subsamples using the two-sample Kolmogorov-Smirnov test, we
arrive at the following conclusions:
1. We see no statistical significance in the distribution of disk galaxies between void and field galaxies, as seen
in the Sersic indices (Figure 14) and general agreement for presence of features in Galaxy Zoo (Figure 15).
2. In all samples, void galaxies almost definitely appear to have a bulge (Figures 18 and 23). This has a low
p-value with a high K-S test statistic, meaning that we can say we find that this a statistically significant
difference between void and field galaxies.
3. In all subsamples of edge-on galaxies, the bulge appears to be round as opposed to boxy. We suggest future
highly-resolved surveys with a larger sample size to verify this conclusion.
4. Neither field nor void galaxies appear to show strong evidence of mergers occurring, despite their difference
in environment density
5. We see little difference in the results for how we define the void galaxy counterparts in GAMA (’twins’),
but redshift appears to have an effect.
Overall, we see suggestions that void galaxies are rather similar to field galaxies, though there are signs, such as
the definite presence of a bulge, that point to how isolated galaxies may evolve differently from their counterparts
in filaments and tendrils.

Future Work
With astronomy continuing to advance thanks to creative initiatives like Galaxy Zoo and new resources such as
the James Webb Space Telescope, there exists countless methods to continue research on void galaxies. Currently,
we have two branches of future plans intended following completion of this project.
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Figure 25: Modified version of Figure 6, with circled answers representing the most likely path through Galaxy
Zoo for void galaxies in our sample. Question T01 remains uncircled, because although it is considered in our
study, we do not perform analysis on it as edge-on galaxies are merely a viewing angle and not conclusive on
morphology. We remind the reader here that we do not consider questions T05 or T06 in our study.
The first of these branches is to use a catalog of star formation histories (SFH) from (Bellstedt et al., 2020)
to explore the differences in SFH between void and field galaxies. It is currently unknown why void galaxies begin
quenching; is it due to a rare galaxy merger inside the void, or some other interaction? Is it caused by a lack of
fuel, or are they currently being rejuvenated? This catalog, once it is available with the GAMA Data Release 4
(GAMA DR4), will be able to explore some of these questions in detail.
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Our second branch of planned future study involves utilizing a new method of artificial intelligence (machine
learning) called Convolutional Neural Networks (CNNs). CNNs can be trained to categorize real data from still
images, such as answering, from an image, whether a galaxy is a void galaxy or not. Using the advancement of
machine learning in this way allows us to build a larger sample of void galaxies to conduct studies with, as the
current availability is quite limited. With the successful training of the CNN, we hope to apply it to large catalogs
such as the Sloan Digital Sky Survey (SDSS) and the Dark Energy Spectroscopic Instrument (DESI). Together,
these surveys cover most of the sky, and would allow us to build a new catalog of void galaxies to study secular
evolution. Even if the training of the CNN fails, this in itself is a significant result, further showing that void
galaxies are indistinguishable from their field counterparts.

42

Bibliography
Alpaslan M., et al., 2014, Mon. Not. R. Astron. Soc., 438, 177
Alpaslan M., et al., 2015, Mon. Not. R. Astron. Soc., 22, 1
Alpaslan M., et al., 2016, Mon. Not. R. Astron. Soc., 457, 2287
Bellstedt S., et al., 2020, Mon. Not. R. Astron. Soc., 498, 5581
Beygu B., Kreckel K., Van der Hulst J. M., Jarrett T. H., Peletier R., Van de Weygaert R., Van Gorkom J. H.,
Aragon-Calvo M. A., 2016, Mon. Not. R. Astron. Soc., 458, 394
Beygu B., Peletier R. F., van der Hulst J. M., Jarrett T. H., Kreckel K., van de Weygaert R., van Gorkom J. H.,
Aragon-Calvo M. A., 2017, Mon. Not. R. Astron. Soc., 464, 666
Dekel A., Silk J., 1986, Astrophys. J., 303, 39
Delgado-Serrano R., Hammer F., Yang Y. B., Puech M., Flores H., Rodrigues M., 2010, Astron. Astrophys., 509
Driver S. P., Norberg P., Baldry I. K., Bamford S. P., Hopkins A. M., Liske J., Loveday J., Peacock J. A., 2009,
Astron. Geophys., 50
Driver S. P., et al., 2011, Mon. Not. R. Astron. Soc., 413, 971
Fraser-McKelvie A., Pimbblet K. A., Penny S. J., Brown M. J., 2016, Mon. Not. R. Astron. Soc., 459, 754
Holwerda B. W., et al., 2019, Astron. J., 158, 103
Holwerda B. W., et al., 2022, ArXiv eprints, 14, 1
Knabel S., et al., 2020, Astron. J., 160, 223
Kreckel K., Van Gorkom J. H., Beygu B., Van De Weygaert R., Van Der Hulst J. M., Aragon-Calvo M. A.,
Peletier R. F., 2014, Proc. Int. Astron. Union, 11, 593
Lintott C. J., et al., 2008, Mon. Not. R. Astron. Soc., 389, 1179
Moorman C. M., Vogeley M. S., Hoyle F., Pan D. C., Haynes M. P., Giovanelli R., 2015, Astrophys. J., 810
Moorman C. M., Moreno J., White A., Vogeley M. S., Hoyle F., Giovanelli R., Haynes M. P., 2016, Astrophys.
J., 831, 118
Pan D. C., Vogeley M. S., Hoyle F., Choi Y. Y., Park C., 2012, Mon. Not. R. Astron. Soc., 421, 926
Peng Y. J., et al., 2010, Astrophys. J., 721, 193
Porter-Temple R., et al., 2022, Mon. Not. R. Astron. Soc., 515, 3875
Pustilnik S. A., Tepliakova A. L., Makarov D. I., 2019, Mon. Not. R. Astron. Soc., 482, 4329
Robotham A. S., et al., 2011, Mon. Not. R. Astron. Soc., 416, 2640
Rojas R. R., Vogeley M. S., Hoyle F., Brinkmann J., 2004, Astrophys. J., 617, 50
Rojas R. R., Vogeley M. S., Hoyle F., Brinkmann J., 2005, Astrophys. J., 624, 571
Van De Weygaert R., et al., 2011, Astrophys. Sp. Sci. Proc., pp 17–24

43

Appendix A: Glossary
Accretion - when a galaxy’s gravitational pull causes mass from the galaxy’s surroundings to fall into galaxy
Bulge - the bright central part of a galaxy
Citizen science - scientific surveys conducted using citizen participants, as sample size is often important.
Questions in these surveys are often made simple enough for any participant to answer.
Convolutional Neural Networks (CNNs) - machine learning algorithms used to classify data, usually by yes/no
Disk - the thinner plane of a galaxy extending out from the bulge, made of stars, gas, and dust
Effective radius - also known as half-light radius; radius at which half of the light in the galaxy is contained
Field galaxy - any galaxy in this sample that is not a void galaxy
Filament - the primary structure of galaxies in the large-scale structure (LSS)
Morphology - the general shape of a galaxy, including spirals, bars, and ellipticals
Quenching - when a galaxy runs out of fuel to continue star formation
Redshift - an astronomical measure similar to distance. Redshift is related to distance by:
d=

cz
H0

(3)

where d is distance, c is the speed of light (3x108 m/s), z is redshift, and H0 is Hubble’s constant, which is
approximately 70 km/s/Mpc. This can be generalized by saying that objects with a low redshift are closer and
thus considered the "local Universe", whereas objects at high redshift are farther. Due to redshift’s relation
between time and space, this means that high redshift objects are also indicative of the early Universe.
Secular evolution - the evolution of a galaxy in isolated environments, where internal evolution processes dominate
Sersic index (n) - a measure of a galaxy’s light profile, where lower values (n<2) are indicators of disk galaxies,
and elliptical galaxies can be found around n∼4.
Solar mass (M⊙ ) - mass of the sun; 1.989x1030 kg
Specific star formation rate (sSFR) - star formation rate divided by stellar mass; rate at which stars form
divided by then current mass of stars of the galaxy
Star formation rate (SFR) - rate at which stars are forming, usually expressed in M⊙ yr−1
Tendril - secondary structure of the LSS in the Universe; tendrils are smaller branches from filaments.
Tidal debris - the usually steady outflow of material from one galaxy onto another, caused by the larger galaxy’s
gravitational pull
Void galaxy - a galaxy isolated inside voids of the Universe
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